Interactive effects of elevated atmospheric CO # and soil N availability on N # fixation and biomass production were examined using Gliricidia sepium, a tropical leguminous tree species. Our objective was to determine if elevated CO # alters the inhibitory effects of soil N on N # fixation, and whether the response of Gliricidia to elevated CO # was a function of N source originating from either substrate N fertilizer or N # fixation. We hypothesized that CO # enrichment would ameliorate the inhibitory effects of N fertilization on seedling nodulation and N # fixation through increased C partitioning to nodules. Seedlings were grown from seed for 100 d in growth chambers at either 350 or 700 µmol mol −" CO # . Seedlings were inoculated with Rhizobium spp. and grown either with 0, 1 or 10 mM N fertilizer. The δ"&N isotope-dilution technique was used to determine N source partitioning between N # fixation and inorganic N fertilizer uptake. The addition of 10 mM N fertilizer significantly reduced nodule number and mass, specific nitrogenase activity, the specific rate of N # fixation, and the proportion of plant N derived from N # fixation. Elevated CO # , however, strongly ameliorated the inhibitory effects of N fertilization, indicating that increased C availability for nodule activity may partially offset the inhibition of N # fixation caused by substrate N, as nodule sugar concentrations were stimulated with CO # enrichment. This study clearly shows that elevated CO # enhanced plant productivity and net N content of Gliricidia tree seedlings by stimulating N # fixation. In addition, seedling biomass production was greatly enhanced by elevated CO # , regardless of whether plant N was derived from the substrate or from the atmosphere. We conclude from this study that CO # enrichment mitigates the inhibitory effects of substrate N on nodule initiation and development and specific N # fixation, either through increased C allocation to nodule production and activity, or through increased N demand by the plant for biomass production. This experiment with Gliricidia provides evidence for a positive feedback between increased atmospheric CO # concentrations, C allocation to symbiotic N # -fixing bacteria, and plant C and N accumulation that may occur when N # -fixing plants are grown under conditions where substrate N may typically inhibit N # fixation.
sequestration of additional nutrients, especially N (Tingey et al., 1997) , CO # -enhanced plant growth may ultimately result in an increased N demand at the single plant level (Ingestad, 1982) . Most terrestrial ecosystems, especially forests, are N-limited (Vitousek & Howarth, 1991 ; Johnson, 1992) , and many studies indicate that the enhancing effects of CO # are reduced and sometimes disappear under N limitation (Kramer, 1981 ; Bazzaz, 1990 ; Field et al., 1992) . Furthermore, it has been suggested that a persistent increase in plant biomass production under elevated CO # can be maintained only by a concomitant increase in N assimilation, either from the available soil N pool or from the atmosphere (Norby et al., 1986 ; Comins & McMurtrie, 1993 ; Gifford, 1994) . Several potential mechanisms exist whereby CO # enrichment may alleviate nutrient limitations to plant growth, leading to greater responses by forest species than might be predicted. For example, elevated CO # may stimulate below-ground processes of plants, leading to an enhanced ability of plants to acquire nutrients from the soil (Bernston, 1994 ; Norby, 1994) . Recent studies have shown that elevated CO # can alter the architecture, morphology and size of plant root systems (Bernston & Woodward, 1992 ; Rogers et al., 1992 Rogers et al., , 1994 Bernston & Bazzaz, 1996) as well as the nutrient uptake kinetics of fine roots (BassiriRad et al., 1996a,b ; Jackson & Reynolds, 1996) . Elevated CO # can also potentially enhance plant nutrient status by stimulating symbioses such as mycorrhizal root associations (O'Neill, 1994 ; Godbold & Bernston, 1997) and N # fixation (Norby, 1987 ; Arnone & Gordon, 1990 ; Thomas et al., 1991 ; Vogel & Curtis, 1995 ; Tissue et al., 1997 ; Vogel et al., 1997) .
Biologically available N is the element most often limiting to net primary production in many terrestrial ecosystems (Vitousek & Howarth, 1991 ; Vitousek et al., 1997) . Symbiotic N # fixation provides an important source of N in many terrestrial ecosystems and can have a major impact on N dynamics and ecosystem productivity, especially where N # -fixing species are present during early successional stages (Vitousek et al., 1987 ; Boring et al., 1988 ; Vitousek & Howarth, 1991) . Forests with species capable of symbiotic N # fixation often have N # fixation rates that rival the annual uptake requirement for N (Binkley, 1986) . Symbiotic N # -fixing plants produce plant tissues and litter rich in N, greatly accelerating N cycling and increasing N availability for non-fixing plants (Mikola et al., 1983) . The coupling between C and N cycles in ecosystems is becoming better understood as a key regulator in the amounts, distributions and turnover rates of C within many terrestrial ecosystems (A / gren et al., 1991) . Nitrogen limitations to ecosystem C storage at higher atmospheric CO # concentrations could be partially alleviated if N inputs to the soil by symbiotic N # fixation are increased by CO # enrichment (Schimel, 1995) .
Many environmental variables affect the performance of N # fixation either directly or through interactions at the plant or ecosystem levels (Hartwig, 1998) . Soil N availability is one environmental factor that has a large influence on symbiotic N # fixation. Nitrogen-fixing plants often grow in soils that are N-limited (Boring et al., 1988) . Greatest nodule activity occurs when N in the soil is available in amounts that are sufficient for vigorous plant growth before nodules can begin to produce N (Minchin et al., 1981) . High levels of soil N, however, may inhibit nodule initiation, nodule size and specific N # -fixing activity (reviewed by Streeter, 1988) . Thus, the ability of symbiotic N # -fixing species to contribute to N inputs into ecosystems, as well as the potential for CO # stimulation of N inputs, will be dependent on soil N that is available for plant productivity.
The objective of this study was to examine the interactive effects of elevated atmospheric CO # and soil N availability on Gliricidia sepium, a fast-growing tropical legume native to Central America, and to determine if elevated CO # alters the inhibitory effects of soil N on N # fixation. We hypothesized that CO # enrichment would ameliorate the inhibitory effects of N fertilization on seedling nodulation and N # fixation through increased C partitioning to nodules. A second objective of this study was to determine whether the response of Gliricidia to elevated CO # was a function of N source originating from either substrate N fertilizer or N # fixation. Gliricidia seedlings were grown with and without N fertilizer to facilitate the use of a stable isotope technique (δ"&N dilution) to analyse plant N source partitioning between N fertilizer absorption by roots and N # fixation by nodules.
  

Seed source and growth conditions
Seeds of Gliricidia sepium (Jacq.) Walp. from a single provenance, 09m 51h N\84m 14h W, elevation 800 m (the Latin American Seed Bank of the Centro Agronomico Tropical de Investigacion y ensenanza, Turrialba, Costa Rica), were germinated in 3.3 l pots filled with acid-washed sand. All seeds were inoculated before planting by wetting with a 1 : 9 (v\v) sucrose : distilled water solution containing three strains of Rhizobium spp. (NifTAL, Paia, HI 96779 USA). Nodulation was evident in all plants harvested 21 d after emergence.
Following emergence, plants were watered to saturation each morning with one of three nutrient solutions, containing either 0, 1 or 10 mM N added as NH % NO $ with a low level of "&N enrichment (δ"&N l 19.98=, with an equal label of "&NH % and "&NO $ ), and with distilled water each afternoon. Nutrient solutions were adjusted to pH 6.1 and were otherwise complete containing 1.0 mM P, 3.0 mM K, 3.5 mM Ca, 1.5 mM Mg, 3.0 mM S, 0.16 mM Fe, 0.05 mM B, 0.01 mM Mn, 0.001 mM Zn, 0.001 mM Cu, 0.05 µM Mo and 0.16 µM Co.
Seedlings were germinated and grown in growth chambers maintained at 350 and 700 µmol mol −" CO # in the Duke University Phytotron (Hellmers & Giles, 1979) . The day\night temperature inside the chambers was 28\24mC. A combination of highpressure sodium vapour and metal halide high-
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# and soil N on N # -fixation 235 intensity discharge lamps provided a photosynthetic photon flux density of 1100p50 µmol m −# s −" . Plants were grown under a 12\12 h day\night photoperiod and thermoperiod. Relative humidity was approx. 70% during the day and 90% at night. Plants were given adequate space in order to minimize shading. Growth chambers were closely monitored daily, and environmental conditions were assumed to be identical between treatments except for differences in atmospheric CO # concentrations. Every week treatments were rotated within and between chambers to avoid systematic bias due to slight differences between growth chambers.
Acetylene reduction assay
Five seedlings from each treatment were selected at random for acetylene reduction measurements before a harvest 100 d after emergence. Measurements were conducted using a custom-built open-flow root and nodule gas-exchange system based on the techniques of Minchin et al. (1986) and Layzell et al. (1989) . Below-ground respiration was monitored to aid the identification of acetylene-induced decline in nitrogenase activity (Minchin et al., 1986) . Measurements were conducted inside growth chambers under daytime growth conditions to maintain experimental treatments. Acetylene reduction assays followed the precautions outlined by Hunt & Layzell (1993) .
The gas mixing and delivery system of the openflow gas-exchange system combined air and O # from pressurized cylinders with calcium carbidegenerated acetylene. Mass flow controllers (MKS Instruments, Andover, MA, USA) delivered 600 ml min −" of 10 kPa acetylene, 21 kPa O # , 69 kPa N # and 90 Pa CO # . Flow rate into each cuvette was controlled and monitored with rotameters. For this assay, we assumed that exposure of nodules\nitrogenase to acetylene was identical in all treatments. Polyvinyl chloride (PVC) pots in which the seedlings were grown were used as gas-exchange cuvettes to minimize physical disturbance to the roots and nodules. Pot tops and bottoms were sealed with PVC caps, slotted to accommodate the above-ground portion of the seedling, and sealed with putty (Permagum Sealing Compound, Virginia KMP Corp., Dallas, TX, USA). Gas fittings attached to the top and bottom of the pot provided ports for gas flow, and flow was from the bottom of the pot to the soil surface.
Gas measurement and data acquisition used a personal computer running LabView software (National Instruments Corporation, Austin, TX, USA). Below-ground respiration was estimated by measuring CO # efflux with an LI-6262 infrared gas analyser (LI-COR Inc., Lincoln, NE, USA). Cuvettes were purged for approximately 25 min to equilibrate before introduction of acetylene, and CO # efflux was continuously monitored to ensure steady-state measurements. For the acetylene reduction assay, 1 ml of gas was removed from the analysis stream with a syringe at 1 min intervals and immediately analysed for ethylene content with a gas chromatograph (Varian model 3600, Varian, Inc., Sunnyvale, CA, USA) equipped with a Porapack N column 80\100 mesh and a flame ionization detector. Samples were collected until ethylene production and CO # efflux began to decline (usually 10-12 min). The sample containing the largest amount of ethylene was defined as the maximum rate (Minchin et al., 1983) and used as an estimate of specific nitrogenase activity.
Biomass determination, "&N dilution technique and tissue N analyses
Seven plants from each treatment were harvested after 100 d, separated into leaves, stems, roots and nodules, and dried at 65mC to a constant mass for dry mass determinations. Soluble sugar and starch of roots and nodules of five randomly selected plants were determined colorimetrically using a chloroform, methanol, water extraction, following methods described by Thomas & Griffin (1994) .
Leaves, stems, roots and nodules of these five plants were analysed for N content and δ"&N using a SIRA Series II stable isotope ratio mass spectrometer (VG ISOGAS, Middlewich, UK) operated in automatic continuous flow mode, using helium as the carrier after combustion of samples in an elemental analyser (NA1500, Carlo Erba Instrumentazione, Milan, Italy). Isotopic composition was measured as abundance of "&N in = :
where R l "&N\("&Nj"%N) and the standard is atmospheric N # . Standard error associated with the precision of "&N analyses was 0.15=. Estimates of the percentage N of each plant tissue fixed by Rhizobium were calculated as :
Eqn 2 where δ"&N ! is the δ"&N value of the NH % NO $ fertilizer that was added to the potting medium otherwise containing no soil N, δ"&N t is the δ"&N value of Gliricidia plant tissue grown under conditions of inorganic soil N and N # fixation, and δ"&N a is the δ"&N value of Gliricidia plant tissue grown under conditions where N # fixation was the sole source of N (Shearer & Kohl, 1986) . Commonly δ"&N ! is estimated by a non-fixing control plant, but since the δ"&N of the inorganic fertilizer was controlled and a subset of plants were grown in a zero-N medium, a reference plant was not necessary. It was assumed that all N in plants grown in the zero-N medium was derived from N # fixation, although it should be noted that a small amount of plant N was from the initial amount within the seed. Total N fixed by Rhizobium was calculated for each tissue as the product of the percentage N fixed by Rhizobium and the total N content of the tissue. Total N derived from inorganic fertilizer for each tissue was determined by subtraction of the total N fixed by Rhizobium from the total tissue N content.
Specific rates of N # fixation in units of mg N fixed g −" nodule d −" were calculated using the total N fixed by Rhizobium (estimated using "&N) summed from all plant tissues as :
where N fix# is whole-plant N content derived from fixation at 100 d, N fix" is whole-plant N content derived from fixation at an additional harvest performed at 21 d, X # is seedling nodule mass after 100 d, X " is seedling nodule mass after 21 d, t # is 100 d after emergence, and t " is 21 d after emergence (Hunt, 1990) .
Specific absorption rates of inorganic N by roots in units of g N absorbed g −" root d −" were calculated using the total N derived from inorganic fertilizer summed from all plant tissues as :
where N abs# is whole-plant N content derived from fertilizer absorption after 100 d, N abs" is whole-plant N content derived from fertilizer absorption at an additional harvest performed at 21 d, W # is the root mass of seedlings after 100 d, W " is the root mass of seedlings after 21 d, t # is 100 d after emergence, and t " is 21 d after emergence (Hunt, 1990) . Estimates of N # fixation rates and specific absorption rates represent integrated rates for the period of time between 21 and 100 d after seedling emergence.
Statistics
Data were tested for normality and log e -transformed where necessary to equalize variances between treatments. A two-way ANOVA was used to test for main effects of CO # and N as well as interactions between these two factors (JMP, SAS Institute Inc., Cary, NC, USA). Statistical analyses of the proportion of plant N derived from fixation, the proportion of plant N derived from fertilizer, total plant N derived from inorganic fertilizer, and specific N absorption rate did not include the zero-N treatment, as it was assumed that all N was derived from N # fixation in this treatment. Post hoc comparison of parameter means was performed using the Tukey-Kramer HSD test (JMP, SAS Institute Inc.). Treatment effects and mean separation were considered significant only when P 0.05.

Nitrogen fertilization and atmospheric CO # treatments strongly affected Gliricidia seedling N source partitioning (based on tissue "&N) between N # fixation and root N absorption. High N fertilization decreased the proportion of total plant N derived from fixation by 63% when compared with plants grown with 1 mM N (P l 0.0001 ; Fig. 1a) . The proportion of total-plant N that was absorbed from fertilizer was over six times greater when seedlings were grown with 10 mM N than when seedlings were grown in 1 mM N (P l 0.0001 ; Fig. 1b) . However, there was a strong CO # iN interaction (P l 0.0017) on N source partitioning. In seedlings grown with 10 mM N, elevated CO # increased the proportion of plant N derived from N # fixation by 147% (Fig. 1a) and decreased the proportion of plant N derived from fertilizer by 35% (Fig. 1b) .
The total amount of plant N derived from fixation decreased by 49% (P l 0.0001 ; Fig. 1c ) in seedlings grown with 10 mM N fertilizer when compared to seedlings grown with 0 mM N. On the other hand, the total amount of fertilizer N absorbed by roots was over seven times greater in seedlings grown with 10 mM N than in those grown with 1 mM N (P l 0.0001 ; Fig. 1d ). Elevated CO # increased the total amount of plant N derived from fixation by 46% (P l 0.0054 ; Fig. 1c ), but there was no effect of CO # on the total amount of plant N derived from fertilizer (Fig. 1d ). There were no CO # iN interactions on either total N from fixation or total N from fertilizer.
The specific rate of N # fixation of Gliricidia seedlings on a nodule-mass basis was reduced by 26% in plants grown with 10 mM N when compared with the rate of N # fixation of plants grown with zero N (P l 0.0001 ; Fig 1e) . The inhibition of specific N # fixation rate by high N fertilization was 39% in low CO # but only 15% in elevated CO # , and CO # enrichment stimulated N # fixation rate only in the high-N treatment (61%) (CO # iN; P l 0.0279). On the other hand, high N fertilization stimulated the specific absorption rate of N on a root-mass basis over five times that of plants grown with 1 mM N fertilizer (P l 0.0001 ; Fig. 1f ). There was a CO # iN interaction (P l 0.0068) on specific absorption rate of N by roots, whereby elevated CO # decreased the rate of absorption by 29% in plants grown with 10 mM N, but CO # had no effect on absorption rate of plants grown with 1 mM N.
The acetylene reduction assay conducted using an open-flow gas-exchange system estimated specific nitrogenase activity under growth conditions after 100 d of treatment (Fig. 2 ). Soil N supply had a strong effect (P l 0.0002) on specific nitrogenase activity, whereby plants growing in 10 mM N had 47% lower nitrogenase activity than plants growing in 0 and 1 mM N. There were no differences in specific nitrogenase activity between seedlings grown with 0 and 1 mM N. At this time in the experiment, there were no significant CO # or CO # iN interactions on specific nitrogenase activity.
Nodule initiation and development was affected by N and CO # treatments, whereby 10 mM N fertilization inhibited nodule number (CO # iN, P l 0.0383) and nodule mass (CO # iN, P l 0.0003) of Gliricidia seedlings when grown at ambient CO # but not at elevated CO # (Fig. 3) . High N fertilizer inhibited nodulation of plants grown at ambient CO # , reducing nodule number by 48% (Fig. 3a) and nodule mass by 78% (Fig. 3b) when compared with plants grown with no N fertilizer. N fertilization had no effect on nodule number or mass of plants grown at elevated CO # . Biomass production of Gliricidia seedlings was stimulated strongly by elevated CO # (P l 0.0001) but was generally insensitive to N treatment (Table  1 ). In the zero-N treatment, total-seedling biomass was 55% greater in elevated CO # than in ambient CO # , and elevated CO # stimulated plant biomass by 43% and 83% in the 1 and 10 mM N treatments, respectively. Leaf, stem and root biomass responded to CO # enrichment similarly to total-plant biomass (Table 1) . Averaged across all N treatments, elevated CO # increased leaf mass by 52% (P l 0.0002), stem mass by 59% (P l 0.0001), and root mass by 66% (P l 0.0001). Stem mass was also affected by N treatment, whereby stem mass was 31% greater in 10 mM N than in the 0 mM N treatment (P l 0.0052). Neither leaf mass nor root mass was significantly affected by soil N treatment, nor were there any CO # iN interactions for total-seedling biomass or any plant part.
Total-plant N content and N concentration of Gliricidia were affected by soil N availability and atmospheric CO # (Table 2 ). Seedling N content of plants grown with 10 mM N was 33% greater than that of plants grown with 0 mM N (P l 0.0429), a result of a 19% increase in N concentration when plants were grown with the highest level of N fertilization (P l 0.0008). Total seedling N concentration was reduced by 12% when plants were grown in elevated CO # (P l 0.0015). Despite this reduction, seedling N content was enhanced by 32% by elevated CO # when averaged across all treatments (P l 0.0093). There were no significant interactions between CO # and N on seedling N content or N concentration.
Carbohydrate contents of roots and nodules of Gliricidia were significantly affected by N and CO # treatments (Fig. 4) . High N fertilization reduced root sugar concentrations by 27% when compared to plants grown without N fertilization (P l 0.0136), but had no significant effect on root starch or nodule carbohydrate concentrations. Elevated CO # increased root starch concentrations by 30% (P l 0.0423) and nodule sugar concentrations by 35% (P l 0.0037). There were no significant effects of CO # on root sugar or nodule starch concentrations, and there were no interactions of CO # and N on carbohydrate concentrations of roots or nodules.

Nitrogen limitations to ecosystem C storage at elevated atmospheric CO # concentrations could be reduced if N inputs to the soil by symbiotic N # fixation are stimulated by CO # enrichment (Schimel, 1995) . The capacity of symbiotic N # -fixing plants to stimulate N inputs to ecosystems is dependent on many environmental factors that affect N # fixation, such as soil N availability. Many infertile soils may have sufficient (albeit low) N levels to facilitate early seedling growth and nodule establishment. On the other hand, it is possible that the higher N status of soils resulting from growth of N # -fixing plants over RESEARCH Interactive effects of CO # and soil N on N # -fixation 239 time will result in a reduction in the capacity for N # fixation. The addition of N fertilizer typically inhibits N # fixation through a reduction in nodule initiation, nodule development and specific nodule activity (reviewed by Streeter, 1988) . We found that biomass production of Gliricidia seedlings was generally insensitive to N fertilization, whereas N source partitioning changed dramatically with fertilization. Nodule number and mass, specific nitrogenase activity, specific rate of N # fixation and the proportion of plant N derived from N # fixation were reduced by high N fertilization when seedlings were grown in ambient CO # . The inhibitory effects of N fertilization on N # fixation of Gliricidia, however, were strongly ameliorated by elevated CO # , indicating that increased C availability for nodule production and activity may partially offset the inhibition of N # fixation caused by the presence of soil N.
One negative effect of soil N is the reduction in the infection of legume root hairs by rhizobia, which is most easily measured as the number of nodules per plant (Streeter, 1988) . We found that nodule number on a Gliricidia seedling grown at ambient CO # was less sensitive to substrate N than total nodule mass or specific nitrogenase activity (estimated using acetylene reduction), but more sensitive to substrate N than the rate of N # fixation (estimated using the "&N dilution method). Our data suggest that under ambient CO # root hair formation was probably suppressed by the highest N treatment, as overall root mass was not affected by N treatment, whereas nodule number was reduced on average from approx. 540 per plant when plants were grown without N fertilizer to approx. 275 per plant when grown with high N fertilization (Fig. 3) . Nitrogen fertilization had no significant effect on the numbers of nodules or nodule mass when seedlings were grown at elevated CO # , suggesting that CO # enrichment compensated for decreased root hair infection, possibly through the stimulation of root mass (Table 1) , thereby increasing the number of root hairs for infection.
In addition to reducing nodule number, high substrate N also reduced nodule mass (Table 1 ) and the N # -fixing activity (Figs 1e, 2) of established nodules on roots of Gliricidia grown in ambient CO # . Several hypotheses have been proposed whereby high soil N inhibits nodule mass and nodule activity, but the exact mechanism remains unclear (Streeter, 1988 ; Vessey & Waterer, 1992) . The carbohydrate deprivation hypothesis states that NO $ − alters photosynthate allocation away from nodules and N # fixation processes to NO $ − reduction if NO $ − reduction occurs in roots of the symbiotic N # -fixing plant. This could occur if competition for carbohydrate occurs between the enzymatic processes of N # fixation and NO $ − reduction, as both processes require a large amount of C for respiration. In addition, carbohydrate is required either as an energy source or as an osmoticum to run ion pumps that act to increase or decrease resistance of O # diffusion into nodules (Vance & Heichel, 1991) . Treatments that restrict carbohydrate supply to the nodules, such as NO $ − reduction (Vessey et al., 1988a,b ; Walsh, 1990) , light deprivation (Minchin et al., 1985) ; nodule excision (Hunt et al., 1987) , defoliation (Hartwig et al., 1987) , and stem girdling (Vessey et al., 1988b) , increase O # diffusion resistance into nodules and subsequently lower nitrogenase activity. On the other hand, treatments that increase carbohydrate supply to nodules, such as increased irradiance (Bethlenfalvay & Phillips, 1978 ; Houwaard, 1980) , can alleviate NO $ − inhibition. In our study, CO # enrichment mitigated the inhibitory effect of substrate N on nodule mass (Fig. 3b) and N # -fixing activity (Fig. 1e) . Elevated CO # may have overcome this C limitation by stimulating nodule sugar concentrations (Fig. 4c) as well as root starch concentrations (Fig. 4b) , thereby increasing the total amount of C for energy for nodule activity or for decreasing the O # diffusion resistance into the nodules. In a previous study, Tissue et al. (1997) found that CO # enrichment increased the rates of net photosynthesis of Gliricidia, and using a "%CO # pulse-chase experiment demonstrated that photosynthate was delivered to the nodules at a faster rate when plants were grown in elevated CO # rather than in ambient CO # . While CO # enrichment increased soluble sugar concentrations in nodules of Gliricidia, N fertilization did not affect soluble sugar or starch concentrations in nodules of plants grown in either CO # treatment (Fig. 4) . Thus, the inhibition of nodulation and N # fixation in Gliricidia grown in ambient CO # by high substrate N was not associated with reduced nonstructural carbohydrate levels in nodules. The role of nodule carbohydrate reserves for nodule activity is not clearly understood. Serraj et al. (1998) found that while CO # enrichment stimulated nonstructural carbohydrate levels in soybean nodules, drought stress also stimulated carbohydrate levels but decreased nitrogenase activity. Therefore, high N # -fixing activity of nodules is not always associated with high levels of nonstructrural carbohydrate. An alternative to the carbohydrate-deprivation hypothesis is the Nfeedback hypothesis, which states that nodulation and nitrogenase activity are regulated by a feedback mechanism mediated by the plant's demand for N (Parsons et al., 1993 ; Hartwig & Nosberger, 1994 ; Hartwig, 1998) . Elevated CO # stimulated biomass production of Gliricidia and as a result, stimulated net seedling N content by 66% in the highest N treatment (Table 2) . Serraj et al. (1999) have suggested that if the main effect of elevated CO # is to increase N sink strength in a legume, then N # fixation rates would be increased to meet the N demand by maintaining nodule growth and activity despite conditions such as drought or, in the case of our experiment with Gliricidia, high substrate N. The proportion of plant N derived from inorganic N fertilizer (Fig. 1b) and the specific rates of absorption of N fertilizer by roots (Fig. 1f) of Gliricidia were reduced by CO # enrichment when plants were grown in the highest N treatment, but CO # had no effect on the total amount of plant N derived from fertilizer (Fig. 1d) . This is in contrast to the results of Olesniewicz & Thomas (1999) where elevated CO # stimulated the specific absorption rate of N uptake in mycorrhizal Robinia pseudoacacia seedlings. Other studies have also shown that CO # enrichment can increase nutrient uptake kinetics of fine roots (BassiriRad et al., 1996a,b ; Jackson & Reynolds, 1996) . Our results with Gliricidia were calculated on a total root mass basis, including taproot and fine root, and these results might have been similar to these previous studies if tap-root mass had been excluded from the estimates of specific absorption rate. However, if the ratio of fine root to course root was unaffected by CO # enrichment, then these data indicate a clear shift by Gliricidia seedlings in N source preference from N fertilizer in ambient CO # to N # fixation in elevated CO # . The symbiotic interaction between leguminous plants and rhizobia provides the host plant with access to the potentially unlimited N source from the RESEARCH Interactive effects of CO # and soil N on N # -fixation 241
atmosphere. Thus legumes may respond to increased N demands induced by elevated CO # through increased N # fixation, regardless of low N availability in the soil (Hartwig et al., 1996 ; Soussana & Hartwig, 1996 ; Zanetti et al., 1996) . Indeed, a strong positive effect of elevated CO # has been reported for N # -fixing tree species (Arnone & Gordon, 1990 ; Thomas et al., 1991 ; Zanetti et al., 1996 ; Tissue et al., 1997 ; Vogel et al., 1997) . This study clearly shows that elevated CO # enhanced plant productivity and net N uptake of Gliricidia tree seedlings by stimulating N # fixation. We also found that seedling biomass production was greatly enhanced by elevated CO # regardless of whether plant N was derived from the substrate or from the atmosphere. Elevated CO # stimulated biomass production of Gliricidia seedlings by 55% when no N fertilizer was added to the growth medium (Table 1) , and net seedling N content was increased by 11% (Table 2 ). However, elevated CO # did not stimulate nodule production when no N fertilizer was added to the growth medium (Fig. 3) , and similar responses to CO # enrichment were found when Gliricidia was grown with no N fertilizer in previous experiments (Thomas et al., 1991 ; Tissue et al., 1997) . Many studies have indicated that nodule production is stimulated with increased CO # (O'Neill, 1994), but our data using seedlings grown at several N levels suggest that CO # enrichment may reduce the inhibitory effects of soil N on nodulation, rather than stimulating nodulation.
The acetylene reduction assay estimates nitrogenase activity by measuring the rate at which the nitrogenase enzyme system converts acetylene to ethylene (Hardy et al., 1968) . The "&N dilution technique estimates the rate of N # fixation and is based on exposing an N # -fixing plant species to "&N-enriched fertilizer. The ratio of "&N : "%N of the plant tissues will reflect the ratio of plant N derived from atmospheric N # gas and the "&N of the soil (Fried & Middleboe, 1977) . In this study, both the "&N dilution (Fig. 1e ) and acetylene reduction assay (Fig.  2 ) techniques used to estimate specific N # -fixing activity detected significant inhibitory responses of soil N availability. On the other hand, only the "&N dilution technique detected a significant effect of CO # enrichment on the specific N # fixation rate. The discrepancy in specific N # -fixing activity is a result of the time scale and level of resolution associated with both techniques. Comparing the integrative "&N dilution method with the acetylene reduction point measure will undoubtedly cause some inconsistencies in absolute values. The acetylene reduction assay accurately measures specific nitrogenase activity at the time scale of the assay (min-h), but does not reflect nitrogenase activity for the seedling's entire life (months). Conversely, the "&N method provides an average over the seedling's entire life span, integrating diel (Sellstedt et al., 1989) and developmental variation, but it does not reflect nitrogenase activity at one point in time. Furthermore, different equations are used in calculating integrated and point-measurement rates. The integrated calculation assumes exponential plant growth and calculates an average nodule weight over the entire integrated period. The point measurement uses the actual nodule weight on the same day the assay is conducted. Thus, measurements using both techniques can be correct, but yield different results due to the integrated or instantaneous nature of each method. In most cases, elevated CO # enhances N # fixation by increasing nodule mass and not the specific rate of enzyme activity (Vance & Heichel, 1991) . Yet this conclusion is drawn from studies that relied solely on acetylene reduction to estimate activity. Our data, using the "&N dilution method, corroborate those from earlier studies (Hardy & Havelka, 1976 ; Phillips et al., 1976 ; Arnone & Gordon, 1990) , suggesting that specific N # -fixation rate also may increase in response to CO # enrichment more frequently than has been reported.
Feedbacks between the C and N cycles have been identified whereby elevated CO # can potentially stimulate (Zak et al., 1993) or reduce (Diaz et al., 1993 ) N availability for plant and ecosystem productivity. This experiment with Gliricidia provides evidence for a positive feedback between increased atmospheric CO # concentrations, C allocation to symbiotic N # -fixing bacteria, and plant C and N accumulation that may occur when N # -fixing plants are grown under conditions where substrate N may typically inhibit N # fixation. We conclude from this study that CO # enrichment diminishes the inhibitory effects of substrate N on nodule initiation and development and specific N # fixation, either through increased C allocation to nodule production and activity, or through increased N demand by the plant for biomass production. The mitigation of the inhibitory effects of substrate N by elevated CO # has important implications at the plant, community and ecosystem levels. As CO # increases in the atmosphere, inputs of N to ecosystems by symbiotic N # -fixing plants may increase, and the duration of N # -fixing species in successional systems may be lengthened.
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